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Abstract
Angiogenesis involves complex processes mediated by several factors and is associated with
inﬂammation and wound healing. High mobility group box 1 (HMGB1) is released from necrotic
cells as well as macrophages and plays proinﬂammatory roles. In the present study, we examined
whether HMGB1 would exhibit angiogenic activity in a matrigel plug assay in mice. HMGB1
in combination with heparin strongly induced angiogenesis, whereas neither HMGB1 nor hep-
arin alone showed such angiogenic activity. The heparin-dependent induction of angiogenesis by
HMGB1 was accompanied by increases in the expression of tumor necrosis factor-alpha (TNF-
alpha) and vascular endothelial growth factor-A120 (VEGF-A120). It is likely that the depen-
dence of the angiogenic activity of HMGB1 on heparin was due to the efﬁciency of the diffusion
of the HMGB1-heparin complex from matrigel to the surrounding areas. VEGF-A165 possessing
a heparin-binding domain showed a pattern of heparin-dependent angiogenic activity similar to
that of HMGB1. The presence of heparin also inhibited the degradation of HMGB1 by plasmin
in vitro. Taken together, these results suggested that HMGB1 in complex with heparin possesses
remarkable angiogenic activity, probably through the induction of TNF-alpha and VEGF-A120.
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'JH　 In vivo matrigel angiogenesis plug assay method.  (A) The injection point of matrigel into the mouse back is indicated.  For the 
PBS control,  matrigel was inoculated on the left side and for the other groups,  it was inoculated on the right side.  (B) The protocols of 
matrigel injection and sampling are shown.  (C) The sampling area of mouse skin for RTPCR or realtime PCR is shown.
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5BCMF　 Primer sequences,  annealing temperatures,  ampliﬁcation cycles and product sizes for RTPCR
Primer Sequence 5ʼ3ʼ
Ampliﬁcation
cycles (X)
Annealing
temperature (Y)
Product size
GAPDH forward ACCACAGTCCATGCCATCAC 27 55° C 452bp
reverse TCCACCACCCTGTTGCTGTA
TNF Ћ forward TTCTGTCTACTGAACTTCGG 37 55° C 354bp
reverse GTATGAGATAGCAAATCGG
iNOS forward GCTTAGAGAACTCAACCAC 37 55° C 454bp
reverse GCTGCCCTCGAAGGTGAGC
eNOS forward CTGGACACCAGGACAACC 37 55° C 460bp
reverse GCTGCTGTGCGTAGCTCT
MMP2 forward CCGTGGATGATGCTTTTGC 30 55° C 319bp
reverse CTGTATTCCCGACCGTTGA
MMP9 forward TGCGCCACCACAGCCAAC 35 60° C 399bp
reverse GCCACGACCATACAGATAC
VEGFR1 forward TGTGGAGAAACTTGGTGACCT 35 55° C 505bp
reverse TGGAGAACAGCAGGACTCCTT
VEGFR2 forward AAGTGATTGAGGCAGACGCT 37 55° C 524bp
reverse TGATGCCAAGAACTCCAT
bFGF forward GACCCCAAGCGGCTCTACTGC 35 55° C 298bp
reverse GTGCCACATACCAACTGGAGT
VEGFA forward GCGGGCTGCCTCGCAGT 37 55° C VEGFA120 275bp
reverse TCACCGCCTTGGCTTGTCA VEGFA164 407bp
VEGFA188 479bp
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5BCMF　 Primer sequences, annealing temperatures and product sizes for realtime PCR
Primer Sequence 5ʼ3ʼ
Annealing
temperature
Product size
GAPDH forward TGACGTGCCGCCTGGAGAAA 55° C 98bp
reverse AGTGTAGCCCAAGATGCCCTTCAG
TNF Ћ forward GACCCTCACACTCAGATCATCCTTCT 55° C 106bp
reverse GCGCTGGCTCAGCCACTC
iNOS forward GGCAGCCTGTGAGACCTTTG 55° C 72bp
reverse GCATTGGAAGTGAAGCGTTTC
eNOS forward CAACGCTACCACGAGGACATT 55° C 90bp
reverse CTCCTGCAAAGAAAAGCTCTGG
MMP2 forward CCCCGATGCTGATACTGA 55° C 152bp
reverse CTGTCCGCCAAATAAACC
MMP9 forward GCCCTGGAACTCACACGACA 55° C 85bp
reverse TTGGAAACTCACACGCCAGAAG
VEGFR1 forward GGCAGACCAATACAATCCTAGATG 55° C 140bp
reverse ACCAGGGTAATTCCAGCTCATTT
VEGFR2 forward CGACATAGCCTCCACTGTTTATG 55° C 109bp
reverse TTTGTTCTTGTTCTCGGTGATGT
bFGF forward CCCACCAGGCCACTTCAA 55° C 71bp
reverse GATGGATGCGCAGGAAGAA
VEGFA120 forward GCCAGCACATAGAGAGAATGAGC 55° C 104bp
reverse CGGCTTGTCACATTTTTCTGG
VEGFA164 forward GCCAGCACATAGAGAGAATGAGC 55° C 97bp
reverse CAAGGCTCACAGTGATTTTCTGG
VEGFA188 forward GCCAGCACATAGAGAGAATGAGC 55° C 171bp
reverse AACAAGGCTCACAGTGAACGCT
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'JH　 Eﬀect of HMGB1 and heparin on angiogenesis in the matrigel assay.  (A) A matrigel mixture containing HMGB1 and heparin 
alone or in combination was injected subcutaneously into the backs of mice.  After 10 days,  the matrigel plugs were recovered.  Each 
group consisted of 6 mice.  Three representative cases are shown.  (B) The concentrations of hemoglobin in the matrigel plugs were deter
mined.  The results are the means ʶ SEM of 6 matrigels.  
＊＊Pʻ0.01 compared with the PBS control group without any treatment.  
##Pʻ
0.01 compared with the group treated with heparin alone.
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'JH　 Histological study of matrigel plugs.  (A) The matrigels were removed from the mouse back 10 days after inoculation and ﬁxed in 
10% formalin.  Paraﬃnembedded sections of matrigel plug were stained by hematoxylineosin (ad) and by antiCD31 antibody (eh).  The 
matrigels contained PBS (a,  e),  HMGB1 alone (b,  f),  heparin alone (c,  g),  or a combination of HMGB1 and heparin (d,  h).  Arrowheads 
indicate CD31positive blood vessels.  The scale bar represents 100µm.  (B) CD31positive vessels were counted in 5 ﬁelds of the matrigel 
plug section at 400ʷmagniﬁcation under a microscope.  The microvessel density (MVD) was expressed as the number of microvessels per 
square millimeter.  The results are the meansʶSEM of 5 ﬁelds.  
＊＊Pʻ0.01 compared with the PBS control group.
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'JH　 HMGB1 binding to heparin and its eﬀect on digestion by plasmin.  (A) HMGB1 was mixed with heparinSepharose and incubated 
for 16h at 4° C.  After incubation,  the supernatant (Sup) and the protein from the heparinSepharose gel (Gel) were electrophoresed on 
12% SDSPAGE gel under a reducing condition,  followed by staining with Coomassieblue.  (M) is a molecular weight marker.  (Con) rep
resents the HMGB1 control.  (B) HMGB1 was preincubated with or without heparin for 16h at 4° C.  After preincubation,  the mixtures were 
subjected to plasmin digestion for 1h at 25° C.  The resultant mixtures were electrophoresed and the gels were stained as mentioned above.  
(Hep1) is HMGB1 incubated with 32µgml heparin and plasmin.  (Hep2) is HMGB1 incubated with 320µgml heparin and plasmin.
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'JH　 Determination of HMGB1 levels in matrigel using Western blotting.  A Matrigel mixture containing PBS,  HMGB1 (2.5µgml,  
100nM) or heparin (320µgml,  64unitsml)ʴHMGB1 was injected subcutaneously into the backs of mice.  After 1,  3 and 10 days,  the 
matrigel plugs were recovered.  The matrigel plugs were homogenized and an amount of homogenate corresponding to 2.5mg wet weight of 
matrigel was loaded on each lane.  (A) Ponseau S staining of the PVDF membrane.  (B) Detection of HMGB1 in matrigel.  (ʵ) negative 
control; matrigel contains PBS alone.  (ʴ) positive control; recombinant human HMGB1.
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'JH　 Expression  of  mRNAs  in  mouse  skin  surrounding  the 
matrigel plug.  (A) Total RNA was isolated from the skin above the 
matrigel plug at 10 days after matrigel injection into the backs of 
mice.  RTPCR was performed using the primers indicated in Table 
1.  Representative results from 3 mice are shown.
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'JH　 Quantiﬁcation of mRNA expression in mouse skin surrounding matrigel plug.  Total RNA was isolated from mouse the skin above 
the matrigel plug at 10 days after matrigel injection into the backs of mice.  Realtime PCR was performed using the primers indicated in 
Table 2.  The expression of GAPDH was used to normalize cDNA levels.  (A) The columns represent the following: ,  TNF Ћ; ,    
iNOS; , eNOS; , MMP2; , MMP9.  (B) The columns represent the followings; ,  VEGFA120; ,  VEGFA164; ,  VEGFA188;    
,  bFGF; ,  VEGFR1; ,  VEGFR2.  The results are the meansʶSEM for 3 animals.  
＊Pʻ0.05,  
＊＊Pʻ0.01 compared with the control 
group in the absence of HMGB1 and heparin.  
#Pʻ0.05 compared with the group treated with HMGB1 alone.  
†Pʻ0.05 compared with the 
group treated with heparin alone.
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 7&('"BOE7&('"
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JT UIF POMZ JTPGPSN MBDLJOH IFQBSJOCJOEJOH BCJMJUZ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CFDBVTFJUEPFTOPUIBWFFYPOBOE<> 5BLFO
UPHFUIFS UIFTFpOEJOHTTVHHFTUUIBU).(#JODPN
QMFYXJUIIFQBSJOJOEVDFTBOHJPHFOFTJTUISPVHIUIF
FYQSFTTJPOPG5/' Ћ BOE7&('"
　 *OUFSFTUJOHMZ 7&('"XJUIBIFQBSJOCJOEJOH
EPNBJO TIPXFE B QBUUFSO PG BDUJWJUJFT TJNJMBS UP
).(# UIBU JT  CPUI TIPXFE IFQBSJOEFQFOEFOU
BOHJPHFOJD BDUJWJUZ  5IJT JNQMJFT UIBU UIF IFQBSJO
CJOEJOHPG7&('"NBZBMTPCFJNQPSUBOUGPSEJ⒎V
TJPOPG7&('"GSPNNBUSJHFMBOEQSPUFDUJPOGSPN
QSPUFPMZUJD EJHFTUJPO <> JO UIJT NPEFM  "MUIPVHI
7&('" MBDLJOH IFQBSJOCJOEJOH BCJMJUZ EJE OPU
TIPXBOZBOHJPHFOJDBDUJWJUZFWFOJOUIFQSFTFODFPG
IFQBSJO BIJHIDPODFOUSBUJPOPG7&('"	▂H
NM O.
JOEVDFEBMPXMFWFMPGBOHJPHFOFTJTJOUIF
TLJOTVSSPVOEJOHUIFNBUSJHFMQMVH 5IFMPXBOHJP
HFOJD BDUJWJUZ PG 7&('" NJHIU CF BTDSJCFE UP
EFHSBEBUJPOCZQSPUFBTFTEVSJOHEJ⒎VTJPO 5IVTJUJT
MJLFMZUIBUUIF7&('"QSPEVDFEJOUIFUJTTVFTVS
SPVOEJOH UIF NBUSJHFM QMVH CZ UIF DPNCJOBUJPO PG
).(#BOEIFQBSJOXPSLTPOWBTDVMBSFOEPUIFMJBM
DFMMTBOENBDSPQIBHFTJOBOBVUPDSJOFBOEBQBSBDSJOF
NBOOFSBUSFMBUJWFMZIJHIFSDPODFOUSBUJPOT 5IJTNBZ
MJNJU UIF QSPUFPMZUJD JOBDUJWBUJPO PG 7&('"
JOEVDFECZ).(#BOEIFQBSJO 'VSUIFSTUVEJFTXJMM
CFOFFEFEUPJOWFTUJHBUFUIJTQPJOU
　 *O JOqBNNBUJPO BOE UJTTVF JOKVSZ  ).(# JT
SFMFBTFEGSPNUIFOVDMFJPGOFDSPUJDPSEBNBHFEDFMMT 
5IFSFMFBTFE).(#GVODUJPOTBTBQSPJOqBNNBUPSZ
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'JH　 Eﬀect of VEGF on the angiogenesis in the presence or absence of heparin in the matrigel assay.  (A) A matrigel mixture contain
ing VEGF (VEGFA121 185ngml,  6.5nM; VEGFA165 250ngml,  6.5nM) and heparin alone or in combination was injected subcutaneously 
into the backs of mice.  After 10 days,  the matrigel plugs were recovered.  Each group consisted of 6 mice.  (B) The concentrations of 
hemoglobin in the matrigel plugs were determined.  The results are the meansʶSEM of 6 matrigels.  
＊ ＊Pʻ0.01 compared with the PBS 
control group without any addition.  
##Pʻ0.01 compared with the group treated with heparin alone.  
† †Pʻ0.01 compared with the group 
treated with VEGFA165 alone.
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'JH　 Eﬀect of high concentration VEGFA121 alone on the angiogenesis.  (A) A matrigel mixture containing a high concentration of 
VEGFA121 (1.85µgml,  65nM) was injected subcutaneously into the backs of mice.  After 10 days,  the matrigel plugs were recovered.  
Each group consisted of 6 mice.  (B) The concentrations of hemoglobin in the matrigel plugs were determined.  The results are the means
ʶSEM of 6 matrigels.  (C) A skin sample from the region surrounding the matrigel plug containing PBS or a high concentration of 
VEGFA121 is shown.
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